ReseaRch Y ield potential is the yield of a cultivar grown in an environment to which it is adapted, in the absence of water, nutrient, disease, and weed limitations (Evans and Fischer, 1999) . Maximum attainable yield is the maximum yield that can be reached by a crop under best management practices in a certain environment; thus, it is the yield potential decreased by subfield scale variability in growing conditions and climatic factors such as below-optimal incident solar radiation (R s ), air temperature, photoperiod, and atmospheric CO 2 concentration during the growing season (Lobell et al., 2009 ). In rainfed agricultural systems, such as the majority of the winter wheat grown in the southern Great Plains (i.e., Kansas, Oklahoma, and Texas), maximum attainable yield can be decreased due to lack of adequate water supply. Thus, the amount of water limitation needs to be taken into account in such environments when estimating maximum attainable yield (Connor et al., 2011) .
, but harvest index (HI) did not surpass 0.41 and grain yields ranged from 3.06 to 7.68 Mg ha and water-use efficiency (WUE) from 7.8 to 12.6 kg ha -1 mm -1
. The wheat characteristics measured in this study were near or above maximum values reported in the literature for the region, and our data provide empirical evidence to support maximum attainable wheat yields of 7.68 Mg ha -1 when wheat is grown under nonlimiting conditions in the southern Great Plains.
multiplied by HI (Hay and Porter, 2006) . Assuming a total radiation intercepted during the growing season of 1600 MJ m -2 , a RUE of 1.4 g MJ -1
, and a HI of 0.5, a physiological estimate of the potential yield of wheat is around 12.9 Mg ha -1 on a 135 g kg -1 water basis (Sinclair, 2013) . The achievement of similar yield levels under experimental conditions in the United Kingdom (Fischer and Edmeades, 2010; Shearman et al., 2005) and in New Zealand (Armour et al., 2004) provided empirical data to support the achievability of these theoretical yields. However, maximum reported winter wheat grain yields in the southern Great Plains remain well below the theoretical potential both at plot and farm level.
The southern Great Plains of the United States accounts for ~30% of the U.S. wheat production. The states of Kansas, Oklahoma, and Texas combined produce a total of ~14 million metric tonnes of hard red winter wheat per year in an area of over 8 million hectares (USDA-NASS, 2014 ). Still, state-level wheat yields are lower than other regions of the world, lying around 2.3 Mg ha -1 (Patrignani et al., 2014) , and maximum reported yields have not surpassed 8 Mg ha (Patrignani et al., 2014) . A long-term (1971 to date) soil fertility experiment conducted in Lahoma, OK, provides empirical data for yields close to 6.0 Mg ha -1 (Raun et al., 2011) . Moreover, an ~8 Mg ha -1 was reported in Bushland, TX (Musick et al., 1994) , but still accounts only for approximately 64% of the theoretical physiological potential wheat yield.
The low maximum reported yields in the southern Great Plains indicate that either these studies do not represent winter wheat yields grown under nonlimiting conditions, or that limiting factors other than radiation may govern maximum attainable wheat yields in this region. It is difficult to conclude whether the aforementioned yields are close to the environmental potential of the region, as it is unclear if all biotic and abiotic stresses were properly avoided in the course of the growing seasons. Additionally, despite the importance of a complete documentation on crop growth and development, most of these studies only report final grain yield. Nonetheless, in areas dominated by rainfed agriculture and prone to stress, such as the majority of the wheat grown in the southern Great Plains, total water supply and distribution are likely the main limiting factors to crop yields (Hay and Porter, 2006) .
When water is the primary limiting factor to crop production, crop biomass accumulation is linearly related to cumulative transpiration (Ludlow and Muchow, 1990 ).
Using a similar approach to the radiation-limited potential yield, water-limited crop yields will depend on the total transpired water in the growing season, WUE, and HI (Hay and Porter, 2006) . A recent assessment of historical data in Oklahoma using the WUE approach concluded that the water-limited yield potential of winter wheat in the region is 6.7 Mg ha -1 (Patrignani et al., 2014) . While this yield is congruent with maximum yields recorded at plot and farm levels in the region, the lack of field-measured data reporting wheat growth, development, and yield, under nonlimiting conditions renders unclear whether higher yield levels could possibly be achieved with intensive management practices. A complete assessment of agronomic attributes of winter wheat grown under nonlimiting conditions has not yet been conducted in the region.
A crop grown under nonlimiting conditions may use the available natural resources, such as water or solar radiation, more efficiently than a crop grown under belowoptimal management. Radiation-use efficiency and WUE represent the efficiency with which a crop transforms R s (Sinclair and Muchow, 1999) or water evaporated and transpired (Tanner and Sinclair, 1983) into biomass, respectively. Quantifying the maximum attainable yield per unit of available resource is essential to create benchmarks for producers to target for and identify other yield reducing factors within their management (Passioura, 2006) . The suggested maximum RUE for wheat is 1.4 g MJ -1 based on intercepted solar radiation, and maximum WUE is 22.3 kg ha -1 mm -1 (Sadras and Angus, 2006) . These values may be adjusted using data collected for wheat grown under nonlimiting conditions.
We hypothesize that maximum attainable wheat yields in the southern Great Plains are comparable to other regions in the world (i.e., >10 Mg ha -1 ) and that this yield level is attainable when adopting best management practices. Given the lack of empirical data collected from wheat grown under nonlimiting conditions in this region, the objectives of this research were (i) to characterize wheat growth (i.e., biomass accumulation, canopy cover, leaf area index [LAI] development, soil water dynamics), development, and yield under nonlimiting conditions; (ii) to elucidate physiological and environmental determinants of record-breaking wheat yields in this region; and (iii) to determine RUE and WUE in this system.
MATERIAlS ANd METHodS

Field Experiments
Four dryland and two irrigated field trials to estimate maximum yield of winter wheat were established across central-western Oklahoma in the growing season of 2012-2013, and five of these sites were repeated in 2013-2014. Irrigated fields were located in Stillwater (36°7¢12² N, 97°5¢24² W, alt. 300 m) on a Norge Loam (fine-silty, mixed, active, thermic Udic Paleustoll) and in Perkins (35°59¢24² N, 97°2¢24² W, alt. 273 m) on a Teller was placed in furrow at planting. An S-tine field cultivator with a rolling basket harrow was used on all fields to work the ground to approximately 8-cm deep for seedbed preparation at time of planting. The winter wheat variety Iba was sown using a Hege small-plot, conventional drill (Wintersteiger, Salt Lake City, UT), with 17-cm row spacing. Seeding density was 67 kg ha -1 (approximately 2.1 million seeds ha -1
), and planting occurred during the month of October (Table 1) . The variety Iba has high yield potential, broad area of adaptation in the southern Great Plains, and a broad spectrum of disease resistance (Edwards, 2013) .
Nitrogen fertilization was performed to ensure N would not be a limiting factor to crop growth or yield, with total N available in the growing season (i.e., preplant N fertilizer, N at sowing, and topdress N fertilizer) greater than 240 kg N ha -1 . Fall N fertilization ensured at least 100 kg N ha -1 was available for early plant development during the fall, and P fertilization ensured 100% sufficiency levels (Table 2 ). Amounts were adjusted by site-year to reflect soil test results, but N fertilization generally consisted of 46 to 69 kg N ha -1 preplanting, 9 kg N ha -1 in-furrow at sowing, 25 kg N ha -1 topdressed at Feekes Growth Stage (GS) 2 (mid-fall), 50 kg N ha -1 at Feekes GS 4 (early spring), and 100 kg N ha -1 at ), and relative humidity (RH, %). At each location, an area of approximately 1000 m 2 was sown to Iba winter wheat and intensively managed to avoid stresses from weeds, insects, diseases, and also water stress in the irrigated fields. Areas with homogenous soils were selected, and management was performed across the whole field to mimic large-scale production. Four random blocks were established in these intensive management fields, where data regarding typical soil characteristics, soil water dynamics, and crop growth and development were collected. This methodology is often adopted to evaluate crop yields under nonlimiting conditions (Peake et al., 2014; Yang et al., 2004) .
Crop Management
Adoption of no-till production practices has been shown to decrease (Decker et al., 2009) or have no effect (Patrignani et al., 2012) on grain yield in continuous wheat systems in Oklahoma, and the majority of wheat in the region is still produced using conventional tillage. Thus, conventional tillage techniques were used and soils were worked to approximately 20 cm deep during the 2012 and 2013 summer fallows. Tillage operations during fallow periods to incorporate preplant fertilizer and to control weeds were performed using a solid shank chisel followed by offset disking, ensuring <10% residue at planting. Urea (46-0-0 N-P-K) or urea and diammonium phosphate (DAP, were broadcast and incorporated before planting according to soil needs, and 56 kg DAP ha -1 Salt Lake City, UT), and harvest dates are provided in Table 1 . Grain moisture content was measured at time of harvest, and final grain yield was reported on a 135 g kg -1 water basis. Overhead sprinkler irrigation at Perkins and Stillwater was scheduled based on an atmospheric water balance that employed meteorological, soil, and crop data for a daily estimation of soil water depletion in the effective rooting zone. The FAO Penman-Monteith method (Allen et al., 1998 ) was used to estimate daily reference evapotranspiration (ET o ) using weather data retrieved from a nearby weather station from the Mesonet network. Crop coefficient values for winter wheat were derived from the FAO Irrigation and Drainage Paper No. 56 (Allen et al., 1998) and adjusted by field observations of crop phenological stages and ranged from 0.4 in the beginning of the growing season to 1.25 mid-season, based on canopy development (Allen et al., 1998) . 
Soil Physical Properties and Water dynamics Measurements
Soil water content to a 120-cm depth was measured at planting and at intervals of approximately 2 to 3 wk throughout the growing season using a neutron moisture meter (Model 503 DR; CPN, Concord, CA). Galvanized metal tubes of 3.8 cm i.d. were installed in the four replications to facilitate the access of neutron probe into the soil, and readings were taken at 10, 30, 50, 70, 90, and 110 cm belowground with the neutron probe device placed on a depth control stand (Evett et al., 2003) . Two extra access tubes were installed in each field to calibrate the neutron probe readings against volumetric water content ( v , m 3 m -3 ) under dry and wet soil conditions. During both the dry and the wet calibrations of the neutron probe, a total of four 120-cm depth 4.02-cm diameter soil cores were taken adjacent to the access tube using a Giddings hydraulic probe (#25-TS Model HDGSRTS, Soil Exploration Equipment, Windsor, CO) and each core was divided into 20-cm intervals. Soil water content was determined by the thermo-gravimetric method and bulk density was determined by the core method, and both were used to calculate  v . The relationship between neutron counts and  v was determined using linear regression for either the top 20-cm layer or the rest of the profile. Volumetric soil water content at lower limit ( LL ) was considered the soil water retention at -1500 kPa measured by the pressure plate method (Ratliff et al., 1983) and volumetric soil water content at the drained upper limit ( DUL ) was measured by collecting soil samples after thoroughly wetting the soil profile and allowing water to drain (Ratliff et al., 1983) . The soil's AWHC was calculated for each layer as the difference between  DUL and  LL multiplied by the soil layer thickness (Allen et al., 1998) . Plant available water (PAW) was calculated as the difference between the measured soil water content and  LL . Soil porosity was estimated based on the soil bulk density and an assumed particle density of 2.65 Mg m -3 (Danielson et al., 1986 ) and assumed to be the volumetric soil water content at saturation ( s ). Particle size analysis was performed using the hydrometer method. Soil physical properties for the studied sites are shown in Table 2 .
Plant Growth, development, and yield Measurements
Plots were approximately 7.5-m wide by 13-m in length, centered on the galvanized tubes placed in the four randomized blocks across the field used for neutron probe access into the soil. In-season plant measurements and grain yield were collected from opposite sides of tubes. Final grain yield was determined from three subsamples per plot, each subsample accounting for a harvested area 13-m long and 1.5-m wide, encompassing roughly 20 m 2 and resulting in 12 representative grain yield samples per site-year. An area 1.5 m by 13 m surrounding the tubes, as well as the area harvested for grain yield, was spared from destructive measurements not to interfere in the natural crop soil water balance or grain production.
Plant measurements included dates of major phenological events, percentage canopy cover, LAI, and aboveground biomass. Digital photographs were taken with the camera lens pointing down and encompassing approximately 1 m 2 of the crop area to estimate fractional canopy closure using a macro program for Sigma Scan Pro (v. 5.0, Systat Software, Point Richmond, CA) as described by Karcher and Richardson (2005) . The software has selectable options defining hue and saturation values, which in this study were set for 30 to 150 and 0 to 115, respectively. Fractional canopy coverage was estimated as the Table 2 . Description of soil fertility and physical properties for five experimental sites in central Oklahoma. Soil type, pH (1:1 soil/water ratio), Mehlich-III extractable P, K, Ca, and Mg are representative of the 0 to 45 cm layer; fraction of sand and clay, volumetric water content at saturation (q s ) at drained upper limit (q DUL ) and at lower limit (q LL ), bulk density (r b ), and available water holding capacity (AWHC) are representative of the 0 to 120 cm layer. Physical properties are average of six 20-cm soil layers (0 to 120 cm) and four replications. given that >70% of daily rainfall totals in the wheat growing region are <10 mm (Patrignani et al., 2014) . Deep drainage and runoff were considered negligible. Considering deep drainage negligible was supported by neutron probe data, which provided evidence for little or null drainage below 120-cm in the studied period (data not shown). Considering runoff negligible is a reasonable assumption, given that the experimental field areas had 0 to 2% slope and average annual runoff during the study period for the study-sites, calculated using the online version of Water Erosion Prediction Project (Frankenberger et al., 2011) , ranged from 1 to 3% of annual precipitation.
Statistical Approach
All the measured (i.e., percentage canopy cover, biomass, LAI, grain yield, percentage protein concentration, and PAW) and calculated (i.e., ET c , WUE, and RUE) variables were analyzed using a generalized linear mixed model procedure using PROC GLIMMIX in SAS v. 9.3 (SAS Institute, Cary, NC) to determine the least square means and standard errors for each variable in each year. Least square means were separated using a Tukey test and  = 0.05. Physiological and environmental determinants of wheat yield were evaluated using linear regression analysis.
RESulTS ANd dISCuSSIoN Weather Conditions
Great variability in weather conditions occurred among the 11 studied site-years. The 2012-2013 growing season had greater precipitation totals, particularly during spring, when precipitation ranged from 253 mm in Lahoma to 432 mm in Chickasha, exceeding the long-term spring mean by 33 to 191 mm. Precipitation totals during the spring allowed for greater and less-variable yields under dryland conditions during the 2012-2013 growing season as compared with the 2013-2014 growing season, which had exceptionally dry winter and spring seasons (Table 3) . Spring precipitation in 2013-2014 ranged from 195 mm in Stillwater to 247 mm in Chickasha, and occurred mostly when the crop was close to or past physiological maturity, resulting in lesser and more variable wheat yields. Still, R s and temperature during the 2013-2014 growing season likely led to greater yields in the irrigated experiments as compared with the previous growing season. Winter and spring daily R s were greater than the long-term average across the 11 site-years, but the greatest positive deviation was observed in the 2013-2014 growing season (Table 3) ; whereas R s during the same period in 2013-2014 ranged from 21 to 21.6 MJ m -2 d -1 (2.3 to 2.6 MJ m -2 d -1 above the long term mean). Fall T max and T min were below the long-term mean for all site years, and the differences were more pronounced during the 2013-2014 season (Table 3) . number of pixels within the selected range divided by the total number of pixels per image (Purcell, 2000) . Leaf area index was destructively estimated by clipping one linear meter of aboveground matter and screening the recently collected green leaves through an optical leaf area meter (Model LI-3100; LI-COR, Lincoln, NE). Samples were then oven dried to a constant weight at 50°C for estimation of aboveground biomass. Plant measurements occurred at intervals of approximately 2 to 3 wk from emergence until harvest, and were accompanied by soil water content measurements. At physiological maturity (Feekes GS 11.4), a 0.25 m 2 sample was collected for estimation of final aboveground biomass, HI, kernels per square meter, and individual kernel weight. Grain protein concentration (g kg -1
) was measured with near-infrared reflectance spectroscopy using a Perten DA 7200 and was reported on a 135 g kg -1 water basis (Perten Instruments, Springfield, IL).
Radiation-and Water-use Efficiencies
Interception of R s by the crop canopy was calculated using an exponential radiation-interception equation based on LAI and extinction coefficient (Sinclair, 2006) . Leaf area index was measured approximately every 2 wk, and the daily increase in LAI within the ~14-d interval between measurements was calculated using linear regression interpolation (Van Roekel and Purcell, 2014) . A constant extinction coefficient of 0.65 was used throughout the growing seasons (Soltani and Sinclair, 2012) . Daily fractional interception derived from LAI was multiplied by R s to calculate daily intercepted R s , and cumulative intercepted R s was obtained by successively summing daily intercepted R s over the period from emergence to maturity. Seasonal RUE was calculated as the ratio of final aboveground biomass to total cumulative intercepted R s . Maximum RUE was calculated as the slope of linear regression between cumulative aboveground biomass and cumulative intercepted R s using a stepwise regression procedure as described in Muchow and Sinclair (1994) . Only samples collected following winter dormancy were included in the maximum RUE analysis.
Water-use efficiency was calculated as the ratio of grain yield to cumulative ET c during the growing season, the latter being derived from a soil water balance from neutron probe data. In the soil water balance adopted, neutron probe data taken approximately every 2 wk was used to calculate ET c during the time interval between measurements as the change in profile soil water storage to 120-cm depth summed to precipitation and irrigation, minus losses via canopy interception (I c ). Cumulative ET c in the growing season was then calculated using Eq. 
where TSW is the change in total soil water (mm) in the 120-cm soil profile during the time interval i between soil water measurements, precipitation (precip) and irrigation (irrig) are cumulative values measured during the time interval i, and I c is cumulative crop canopy interception during the time interval i. Daily I c was estimated as a function of crop fractional interception based on LAI, following the model used in the CropSyst Crop Production Model (Campbell and Diaz, 1988 Table 4 ). The yields achieved in our study were supported by aboveground dry matter at physiological maturity (Feekes GS 11.4) ) was produced at Chickasha during the 2012-2013 growing season, with total precipitation during the growing season of 587 mm (195 mm above the long-term average, Table  3 ). Additional weather characteristics leading to 7.11 Mg ha -1 grain yield in Chickasha under dryland management were low average spring T max and T min (averaged 21.9 and 8.3°C respectively, both 0.7°C below the mean), and above [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] (Table 4) ; however, severe lodging occurred at the beginning of grain filling (Feekes GS 10.54) and drastically reduced grain yields (5.92 Mg ha ) was significantly less than irrigated, and was reduced by water deficit stress between full anthesis (Feekes GS 10.53) and physiological maturity, when soil PAW was consistently below 30% (data not shown). Although there was no statistical difference in kernels per square meter between the irrigated and dryland treatments in Perkins 2012-2013, individual kernel weight was greater in the irrigated treatment (35.6 vs. 27.6 mg). The lowest yield in the 2012-2013 growing season occurred under dryland conditions in Lahoma (5.53 Mg ha -1 ), site with the lesser total growing season rainfall (374 mm, Table 3 ), which is still close to the greatest yield reported from a long-term soil fertility experiment at Lahoma of 6 Mg ha -1 (Raun et al., 2011) .
Less spring precipitation during the 2013-2014 season resulted in a wider grain yield range, with significant differences between irrigated and nonirrigated trials ( Table  4 ). The highest yield was obtained in Stillwater under irrigated conditions (i.e., 7.68 Mg ha -1 ), and was not significantly different from the 7.42 Mg ha -1 irrigated yield achieved at Perkins. The high irrigated yields were supported by over 1000 spikes m -2 and 21,000 kernels per square meter, and individual kernel weight above 37 mg (Table 4 ). Wheat yields under dryland conditions did not differ statistically among Perkins, Stillwater, and Chickasha, and ranged from 3.06 to 3.45 Mg ha -1
. Similarly, dryland trials resulted in significantly fewer spikes m -2 (<900) and kernels per square meter (<16,000), with lower individual kernel weight (<30 mg).
The yields reported in this study are the maximum reported wheat yields for Oklahoma, and similar to the maximum yield reported for the southern Great Plains. The maximum reported yield in Oklahoma to date was 6.59 Mg ha -1 at Balko in 2007 as part of the Oklahoma State University Small Grains Variety Performance Tests (Edwards et al., 2007) , whereas Musick et al. (1994) reported ~8 Mg ha -1 for irrigated wheat in Bushland, TX. While our study Table 4 . Least square means for aboveground dry matter at physiological maturity (dry biomass), harvest index (HI), grain yield, spikes m -2 , kernels m -2 , individual kernel weight, grain protein concentration, seasonal crop evapotranspiration (ET c ), interception by the canopy (I c ), maximum and seasonal radiation use efficiencies (RUE), and water-use efficiency (WUE) for the 2012-2013 and 2013-2014 in New Zealand (Armour et al., 2004) . Singular weather characteristics inherent to the southern Great Plains, including higher average temperatures and lower R s during the reproductive phase, and unpredictable precipitation pattern, may be among the main limiting factors to the achievement of yields close to the theoretical potential in this region. Armour et al. (2004) . Respiratory losses are dependent on temperature, and an increase in mean daily temperature of 10°C doubles the rate of crop maintenance respiration (Hay and Porter, 2006) . The 5.3°C greater temperatures in our study likely led to greater respiration rates when compared with Armour et al. (2004) , decreasing net photosynthesis available for grain fill (Hay and Porter, 2006) . Likewise, R s is converted into biomass and later into grain yield through a HI component. Adopting the maximum RUE and HI among all our site years of 1.9 g MJ -1 and 0.41 respectively, the additional 3.4 MJ m -2 d -1 R s in New Zealand per se would have allowed for an additional 1.06 Mg ha -1 grain yield in our experiment. Finally, higher temperatures during grain filling can greatly reduce individual wheat kernel weight (Fischer, 2007) , which explains individual kernel weight 44% greater in New Zealand when compared with the highest yielding location in our experiments.
An important factor possibly limiting maximum attainable wheat grain yields in the southern Great Plains is the high protein concentration of hard red winter wheat, relative to soft classes of wheat. Grain protein concentration at a 135 g kg -1 water basis was consistently above 116 g kg -1 in the irrigated treatments following both growing seasons, whereas the dryland treatments resulted in over 125 g kg -1 grain protein concentration following the highyielding 2012-2013 growing season and over 145 g kg -1 following the low-yielding 2013-2014 growing season. The negative linear association between wheat grain yield and grain protein concentration in our results (Fig. 1A) confirms the previously reported tradeoff between both variables (Barraclough et al., 2010) . This tradeoff has been associated to the dilution of the available N supply into more kernels per square meter (Fig. 1B) for comparisons within the same species ; and to a possible competition between C and N for energy when evaluating a range of species with varying seed composition (Munier-Jolain and Salon, 2005) . The latter might be a possible explanation for the lesser attainable yields in the southern Great Plains when compared with wheat grown in other regions of the world. The yields exceeding 15 Mg ha -1 reported by Armour et al. (2004) were obtained from feed wheat cultivars, whereas wheat grown in high yielding regions of Western Europe can be classed as soft red winter wheat (Curtis et al., 2002) . Both wheat types typically have lower protein concentration as compared with hard red winter wheat (Curtis et al., 2002; Snape et al., 1993) , resulting in lesser energy cost per unit seed produced (Munier-Jolain and Salon, 2005) . The yields we report are still well above the state average wheat yields, which lies around 2.3 Mg ha -1 averaged for TX, OK, and KS (Patrignani et al., 2014) . The large gap between maximum attainable wheat yields and state average yields indicates that there is room for improvement in current crop management practices and statewide wheat production. One singularity of the region is that approximately half of the wheat grown in Oklahoma is managed as a forage and grain crop in a dual-purpose system (True et al., 2001) . The yield penalty of the dual-purpose system on winter wheat compared with grain only averages 14% and is associated with both earlier-than-optimal sowing date and forage grazing (Edwards et al., 2011) . The predominance of this system in the central portion of the southern Great Plains certainly contributes to the large yield gap in the region. Additionally, producers may be reluctant to adopt intensive management practices due to the unpredictable weather typical in the southern Great Plains. Evaluation of the weather patterns that regulate wheat yields in this region, as well as the long-term maximum attainable yields dictated by the observed weather, is warranted.
Characterization of Winter Wheat Growth and development under Nonlimiting Conditions
Two major patterns of dryland crop development occurred between growing seasons 2012-2013 and 2013-2014, exemplified in Fig. 2 using data collected from Chickasha. Similar results were measured at Stillwater and Perkins when comparing the two consecutive growing seasons and are not shown. Leaf area index ( Fig. 2A) , percentage canopy cover (Fig. 2B) , and aboveground biomass (Fig. 2C) had an early, lush start during 2012-2013 growing season due to greater fall temperatures (20.6 vs. 14.1°C), despite similar PAW during the vegetative phase across both growing seasons (Fig. 2D) . The precipitation in 2012-2013 was sufficient to sustain PAW in the top 120-cm soil depth above 0.3 to 0.4 AWHC over the majority of the growing season, the threshold below which crop growth is decreased due to water deficit stress (Amir and Sinclair, 1991) . Cooler spring temperatures and greater PAW favored delayed leaf senescence ( Fig. 2A ) and resulted in a longer grain-filling period (40 vs. 30 d, Fig. 2C ) which, coupled to aboveground biomass > 15 Mg ha -1 and LAI > 7 following anthesis, ensured little to no source limitation for grain set and filling for a yield of 7.11 Mg ha -1 . Contrarily, the wheat crop experienced accentuated water deficit stress during ) and LAI (5.6) at anthesis were significantly lesser than those measured in the 2012-2013 growing season, which contributed to the lesser grain yields due to increased source limitation in addition to low precipitation. Soil PAW was consistently below 30% during the reproductive stages (Fig. 2D) , resulting in water deficit stress during grain fill. This, coupled to warmer temperatures, accelerated leaf senescence ( Fig. 2A) , did not allow for an increase in aboveground biomass following anthesis, and shortened the duration of grain fill (Fig. 2C) . The lack of increase in aboveground biomass after anthesis in 2013-2014 (Fig. 2C) indicates that most of the grain yield was formed from redistribution of preexisting resources. Thus, the reduced grain yield in 2013-2014 dryland crop (3.06 to 3.45 Mg ha ) resulted from photosynthesisreducing water deficit stress, which decreased both source supply for photosynthesis (LAI) and sink demand (kernels per square meter; Frederick and Bauer, 2000) .
A complete soil-plant characterization of wheat in the highest-yielding environment (Stillwater irrigated 2013 (Stillwater irrigated -2014 is shown in Fig. 3 , along with wheat grown in the same location and year without supplemental irrigation. The cooler start to the 2013-2014 season led to lesser early-season LAI (Fig. 3A) , canopy cover (Fig. 3B) , and aboveground biomass (Fig. 3C) , as compared with the previous growing season (data not shown). This indicates that the early lush vegetative growth measured in Chickasha during 2012-2013 ( Fig. 2A) is not mandatory to achieve high yields. The weather during the spring, when grain formation occurs, appears to be more crucial than the fall weather, provided a homogeneous wheat stand. Both irrigated and dryland wheat had very similar biomass until Day after sowing (DAS) 174 (Fig. 3C) , when PAW levels were above 0.3 AWHC (45 mm). After DAS 174, PAW fell below 30% (Fig. 3D) and biomass production was reduced in the dryland trial. Our data supports the threshold of 0.3 AWHC for wheat biomass production sensitivity to drought suggested by Amir and Sinclair (1991) as biomass production fell considerably when PAW reached this threshold (Fig. 3) . Anthesis LAI of 6.8 and aboveground biomass of 12.8 Mg ha -1 in addition to 376 mm supplemental irrigation during the spring provided the wheat crop little to no source limitation, leading to 7.68 Mg ha -1 wheat yield. Aboveground biomass increased from 12.8 Mg ha -1 at anthesis to 20.5 Mg ha -1 at harvest, providing evidence for postanthesis photosynthesis contributing to grain yields. In contrast, the dryland wheat had insignificant increase in aboveground biomass following anthesis and showed a sharp decrease in LAI and percentage canopy cover due to late season water deficit stress. 
Physiological and Environmental determinants of Wheat Grain yield
The concept of coarse and fine regulators of wheat yield (i.e., kernels per square meter as coarse regulator, and individual kernel weight as fine regulator) was proposed by Slafer et al. (2014) . Pooled across the whole dataset, number of kernels per square meter explained a similar proportion of the variation in wheat grain yield (r 2 = 0.42, p < 0.001) as that explained by individual kernel weight (r 2 = 0.43, p < 0.001). Kernel number is a coarse regulator of wheat grain yield because wheat yield grown under nonlimiting conditions is often sink-limited during grain filling (Reynolds et al., 2005) . Thus, increasing kernels per square meter increases wheat sink strength, leading to greater yields (Fischer, 2007) . Individual kernel weight was also an important determinant of grain yield in our study, most likely as result of measured kernel weight being well below the genetic potential due to heat and water stresses experienced during the grain filling period, typical in the southern Great Plains.
In the next few paragraphs, we extrapolate the analysis of Slafer et al. (2014) from plant components to weather variables, to understand how the observed weather during the growing season dictated record-breaking yields in the southern Great Plains. The contrasting weather between the 2012-2013 and the 2013-2014 growing seasons allowed for assessment of coarse and fine regulators of wheat yield by comparing dryland and irrigated crop development, respectively. Coarse regulators of grain yield were determined by studying weather variables that led to yields contrasting from about 3.06 Mg ha -1 (dryland experiments 2013-2014) to 7.11 Mg ha -1 (dryland experiments 2012-2013) . Fine regulators of wheat yield were assessed examining weather variables that led to yields contrasting from 6.67 Mg ha -1 during the 2012-2013 growing season to 7.68 Mg ha -1 in the irrigated trials during 2013-2014. Precipitation was the greatest driver for dryland wheat yields throughout the studied site-years. Across all dryland experiments, precipitation was positive and linearly associated with grain yields (r 2 = 0.77, p < 0.01), and variation in precipitation amount led to yields ranging from 3.06 Mg ha -1 to >7.11 Mg ha -1
. Precipitation is therefore considered a coarse regulator of wheat yield under dryland management. Photothermal quotient (PQ, ratio of R s over average temperature; Nix, 1976) during the 31-d period preceding anthesis was also positive and linearly associated with dryland wheat yields (r 2 = 0.71, p < 0.05), and there was no collinearity between precipitation and PQ (r 2 = 0.16, p > 0.2). The 31-d period immediately before anthesis is characterized by great partitioning of assimilates to spike formation (Slafer et al., 1990) , as well as formation of the flag and penultimate leaves, the two most important leaves responsible for photosynthate production during wheat grain fill (Frederick and Bauer, 2000) . Thus, the weather during this period influences kernels per square meter, and consequently grain yields (Fischer, 2007; Frederick and Bauer, 2000) . Neither R s nor T max , T min , or average temperature during the grain filling period were linearly related to dryland grain yields (r 2 < 0.24, p > 0.17). Fine regulators of grain yield were assessed using data from the highest-yielding dryland environment (Chickasha 2012 (Chickasha -2013 and the irrigated experiments during both 2012-2013 and 2013-2014 growing seasons. Stillwater irrigated during the 2012-2013 growing season was not included in the analyses due to severe lodging. Total precipitation plus supplemental irrigation were not linearly associated with grain yields (r 2 = 0.01, p = 0.89), so the confounding factor water deficit stress was removed from this analysis. In the absence of water deficit stress, both average R s and T max during the anthesis through physiological maturity period were positive and linearly associated with grain yield (r 2 > 0.89, p < 0.05). However, the collinearity between T max and R s (r 2 = 0.78, p < 0.001) hinders the individual effects of each on wheat yield within our dataset. While our dataset does not allow to evaluate the individual effects of T max or R s , increased temperatures during the reproductive stages of wheat often have negative effect on kernel weight and grain yield (Calderini et al., 1999a (Calderini et al., , 1999b Fischer, 2007; Wiegand and Cuellar, 1981) . On the other hand, increased R s during the same period can result in increased kernel weight (Wardlaw, 1994) , as 70 to 90% of wheat the kernel weight comes from photosynthates produced during grain fill (Frederick and Bauer, 2000) . Thus, despite the unclear separation between T max and R s in our analysis, coupling our data with a wealth of literature on the subject allows to consider R s during the anthesis-physiological maturity interval a fine regulator of wheat yields in the absence of water limitation.
Radiation-use Efficiency and Water-use Efficiency
Maximum RUE measured during the spring ranged from 1.4 to 1.8 g MJ -1 during the 2012-2013 growing season and from 0.8 to 1.9 g MJ -1 during the 2013-2014 growing season ( Table 4 ). The highest RUE (1.7 and 1.9 g MJ -1
) were measured in the irrigated experiments in 2013-2014. Drought stress significantly reduced RUE, which ranged from 0.8 to 1.1 g MJ -1 in the dryland experiments in 2013-2014. Seasonal RUE was lower than maximum RUE mostly due to the long period winter wheat is subjected to cold stress during fall and winter, and due to a decrease in RUE towards physiological maturity. As a result, seasonal RUE ranged from 0.7 to 1.1 g MJ -1 in 2012-2013 and from 0.6 to 1.1 g MJ -1
in 2013-2014. Lower seasonal RUE for wheat when compared with the jointing to anthesis phase has been previously reported . The maximum RUE measured in our experiments across both growing seasons were in the upper range of maximum RUE values reported in the literature, which ranged from 0.7 to 1.8 g MJ -1
, with an average of 1.3 g MJ -1 (Supplemental Table S1 ). The RUE values reported in Supplemental Table S1 were selected as the greatest RUE reported among several treatments and site-years for 36 independent manuscripts and converted to incident R s basis as described in Sinclair and Muchow (1999) . The greatest reported wheat RUE to date was 1.8 g MJ -1 and resulted in aboveground biomass of 20 Mg ha -1 and grain yields of 8 Mg ha -1 in Tunisia (Latiri-Souki et al., 1998) , similar to our results. A 1.7 g MJ -1 RUE was reported in an irrigated experiment in southern Italy (Albrizio and Steduto, 2005) , and the remaining RUE were considerably lower than the maximum RUE values we report.
To calculate wheat WUE, seasonal ET c was derived from a soil water balance from neutron probe data. Seasonal Table 4 ). Strong correlations existed between seasonal ET c and aboveground biomass (r 2 = 0.96, p < 0.0001) or grain yield (r 2 = 0.86, p < 0.001). Water-use efficiency was calculated as the ratio of grain yield to seasonal ET c and ranged from 7.8 to 12.6 kg ha -1 mm -1 during the 2012-2013 growing season and from 8.5 to 10.1 kg ha -1 mm -1 during the 2013-2014 growing season (Table 4) . These WUE values are close to, or above, most of the studies published for wheat grown in the southern Great Plains (Fig. 4) . Data collected from five studies across TX and KS, as well as data reported in our research, indicates that average WUE increases with increased grain yields and follows a similar trend to the quadratic response reported by Musick et al. (1994) . Analysis of the residuals between the data we reported and the modeled WUE for the same yield levels based on the model developed by Musick et al. (1994) resulted in average residual of 1.06 kg ha -1 mm -1 , indicating that the intensive management of winter wheat in central Oklahoma led to WUE values slightly above WP reported by Musick et al. (1994) for a similar yield level (Fig. 4) . Still, the WUE values we reported are well below maximum wheat WUE values derived from boundary functions analysis between seasonal water supply and grain yield which generally lie around 16 to 22 kg ha -1 mm -1 (Passioura, 2006; Patrignani et al., 2014; Sadras and Angus, 2006) . Boundary function analysis originates from only the most efficient observations of yield at given amount of water supply. This indicates that although the intensive management we provided slightly increased wheat WUE when compared with average management (Fig. 4) , it is still well below the maximum wheat WUE possible for those levels of water supply.
CoNCluSIoNS
While our hypothesis that maximum wheat yields in the southern Great Plains could reach values similar to those measured in other parts of the world was overthrown, our research provides empirical evidence for wheat yields as high as 7.68 Mg ha -1 when grown under nonlimiting conditions, which is similar to the maximum ever reported wheat yield in Texas and higher than any reported yield in Oklahoma. The differences between maximum yields in the southern Great Plains and those achieved in the United Kingdom or New Zealand are likely due to lower incident R s and higher temperatures during the anthesis to physiological maturity interval, a shorter and warmer grain filling period resulting in lower HI, as well as a greater protein concentration in hard red winter wheat grown in the southern Great Plains relative to feed wheat (New Zealand) or soft wheat (United Kingdom) classes. Additionally, we provided empirical evidence for maximum RUE of 1.9 g MJ -1 and WUE of 12.6 kg ha -1 mm -1 . Grain yield and RUE values from our study are among the highest reported parameter values for the southern Great Plains, and RUE is close to the highest reported in the Musick et al. (1994) for a comprehensive WUe study in Bushland, TX, and does not represent fit to the datapoints in the figure. world literature. Wheat WUE was still well below values derived from boundary function analysis. We established that total seasonal precipitation, as well as PQ in the 31 d before anthesis, act as coarse regulators of wheat yield in the southern Great Plains, inducing yield differences from 3.06 to 7.11 Mg ha -1 . Incident R s during the reproductive phase induced differences in grain yield from 6.67 to 7.68 Mg ha -1 and was denominated a fine regulator of wheat grain yields in the absence of water deficit stress. To our knowledge, this is the first assessment of the complete soil-plant-atmosphere continuum of winter wheat grown under nonlimiting conditions in the southern Great Plains.
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